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Abstract
This study focuses on the depositional transition between the Permian Cedar Mesa sand
dune sea and the adjoining fluvial, lacustrine, playa and a sabkha facies. This transition provides
insights into how climate and environment interacted in this unique setting where up to 300 m of
eolian sands transition into evaporites. The evaporites are less common as tongues within the
eolianites than previously thought and there were several environments that were observed that
haven’t been previously described or observed in the Cedar Mesa. The arrangement of the
various units within the study area support the climate control on stratigraphy.
The intertonguing boundary between the sand of the dune sea and the muds and
evaporites of the adjoining environments is exposed along the eastern edge of the Cedar Mesa
plateau southern Utah. The eolian-playa transition is exposed over a 20km-long area in canyon
walls, as well as in side canyons that extend into the plateau from Comb Wash. The interplay of
different environments reveals how groundwater and climate influence the accumulation and
diagenesis of these rocks. Abrupt ends of the eolian tongue were found to represent vegetated
dune fronts, where 10- to 20-m-thick sandstones pinched out within 100 m. The paleosols
covering the dunes indicate that most dunes did not form synchronously with the associated
shales and were stabilized prior to burial, with concomitant early diagenesis and loss of porosity.
Thick beds of mudstone and fluvial channel deposits found associated with limestones suggests a
series of climate changes in the area from dry to form the dune sea to wet, thus the vegetation of
the dunes and subsequent burial in mudstones. The associated channel deposits, pervasive
bioturbation from roots, and lack of evaporites suggests that highly saline brines did not form
adjacent to the dune sea. This indicates that stabilization by vegetation as fresh water
accumulated in the porous sand was the primary control, limiting the expansion of the dune sea.
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Petrographic analysis of the samples from this study area in particular tells us that
sandstones that were topographically higher at the time of deposition have the higher porosity
and permeability. Precipitation of carbonate cements as the water table rose as well as
compaction is the cause of reduced porosity and permeability.
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Introduction
This study focuses on the transition between the Permian (Wolfcampian) Cedar Mesa
sand dune sea and the adjoining marine and playa facies of the Halgaito and Organ Rock
formations. The intertonguing boundary between the sand of the dune sea and the muds and
evaporites of the adjoining playa environments are exposed along the eastern edge of the Cedar
Mesa Plateau in southern Utah (Figure 1) (Langford and Chan, 1989). This transition from
eolian sand to playa shale is of interest because previous research shows that some of the Cedar
Mesa Sandstone tongues have preserved high porosity and permeability (Depret, 2001). They
are also bleached white and at one time may have been filled with hydrocarbons (Depret, 2001).
The eolian-playa transition is exposed over a 20km canyon wall as well as in side canyons that
extend into the plateau from Comb Wash. This transition has not been previously studied and
this study provides vital information about how the strata are placed in the field, erosional
surfaces, and porosities of eolian sandstones. The placement of muds and evaporites to the
eolian sandstones is an important relationship to understand in determining petroleum reservoir
quality.
Several studies throughout the years have focused on the Permian Cedar Mesa Sandstone
because it is unique in the fact that unlike most dune seas, its boundaries did not shift appreciably
during deposition of the entire 200-m-thick formation (Baars, 1962; Langford and Chan, 1989).
Understanding the controls on porosity and permeability has implications for eolian and fluvial
reservoirs that border lacustrine and evaporite dominated systems. Well-known examples of this
type of reservoir system include the Rotliegend (western and central Europe), the Norphlet
(Mississippi, Alabama, and Louisiana) and the Unayzah (Saudi Arabia) (Purvis, 1992; Mancini
et al. 1985; Heine, 2008;).
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Figure 1. Location of the study area (in the red box) along the eastern edge of the Cedar Mesa Plateau. The area consists
of the eastern edge of Cedar Mesa, where it begins to roll over into Comb Ridge monocline, a Laramide Colorado Plateau
structure. Colored areas show different environments within and bordering the Cedar Mesa erg. Figure modified from
Langford and Chan, 1989.
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Geologic Background
The Cedar Mesa Sandstone represents an erg system (sand dune sea) that was deposited
in the southwestern portion of the Paradox Basin of southeastern Utah and Colorado (Baars,
1962). The Paradox Basin was formed during the Pennsylvanian and during the Middle
Pennsylvanian the basin was adjacent to the Uncompahgre Highlands, a segment of the Ancestral
Rocky Mountains (Huntoon et. al., 2002). The region was a site of marine shelf deposits prior to
the formation of the Ancestral Rocky Mountains and once the Mountains began to rise, the basin
subsided rapidly and large amounts of sediments began to accumulate (Wengerd and Matheny,
1958). These sediments included approximately 2,000m of Middle and Upper Pennsylvanian
evaporites, clastics, and limestone and approximately 1,800m of Permian marine and continental
strata (Huntoon et al., 2002).
The Cedar Mesa Sandstone, Organ Rock Formation, and Halgaito Formation are all
members of the Cutler Group, which is subdivided into six units: lower Cutler beds, Halgaito
Formation, Cedar Mesa Sandstone, Organ Rock Formation, De Chelly Sandstone, and the White
Rim Sandstone (Stanesco et al., 2000).
The Cedar Mesa Sandstone is approximately 200-m thick and is exposed in a majority of
the Canyonlands of southeast Utah (Baars, 1962). Sabkha environments (salt flats) were present
during the time of deposition of the Cedar Mesa Sandstone along the southern margin of the
Paradox Basin (Huntoon et al., 2002). The heart of the Cedar Mesa dune sea was located along
its western margin, near Hite, Utah (Figure 1) (Langford and Chan, 1993; Mountney, 2006). To
the southeast, approaching the study area, the dune sea becomes subdivided by more numerous
erosion surfaces known as “flood surfaces”. Flood surfaces form as a result of floods into active
dune seas (Langford and Chan, 1989). Along the southeastern margin of the dune sea, it
intertongues with evaporites and shales of the Halgaito Formation (Langford and Chan, 1993).
3	
  

The Halgaito Formation is laterally correlative to other units and has been associated with
several different names. The most common are the Rico and Elephant Canyon formations but it
is also sometimes referred to as part of the lower Cutler beds (Baars, 1962; Condon, 2000). The
Cedar Mesa Sandstone overlies the Halgaito formation. The Halgaito formation represents
deposition on a low-relief plain dominated by lacustrine, floodplain, and eolian loess deposition
(Huntoon et al., 2002).
Laterally equivalent to the southeast of the Cedar Mesa are gypsum beds that have been
named the Cedar Mesa evaporite facies (Kunkel, 1971). These facies consist predominantly of
reddish to purple gypsiferous or anhydritic shales, brownish-red to gray, medium to fine-grained,
cross bedded friable gypsiferous sandstones, conglomeratic and evenly bedded cherty fine to
medium crystalline gray to purple limestones, and sandy pink to white gypsum or anhydrite
(Kunkel, 1971).
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Methods

The study area covered approximately 160 Km2 where the eolian-playa transition is

exposed in side canyons that extended into the plateau from Comb Wash. Data Collection
involved:
1. Measurement of 13 stratigraphic sections (Figure 3);
2. Mapping of facies distribution using a GPS;
3. Petrographic analysis of selected samples.
There were three canyons within the study area that were the main focus for this study, Mule
Canyon, Lower McLoyd Canyon, and Road Canyon (Figure 2). Within these canyons the
measurement of bed thickness in thirteen stratigraphic sections allowed for the documentation of
various depositional environments and how they change throughout the study area. Figure 3
shows a composite aerial photograph of the study area showing the locations of all the measured
stratigraphic sections throughout the study area. Each portion of the canyons have a different
number so as to distinguish them from each other. For example all stratigraphic sections that
were measured in Mule Canyon begin with the number 1, all measure sections in Upper Road
Canyon begin with the number 3 and so on for the rest of the canyons in the study area. Several
thin limestones in the study area served as correlation marker beds. Mapping of limestone beds
using GPS allowed for the documentation of bed extent and how they interacted with eolian
sandstone bodies.
Petrographic analysis of seven samples allowed for the observation of porosity types and
variations as well as cement types within the study area. It showed how the water table and
adjoining environments affected units. Point counting of all samples was done to determine the
composition, amount, and types of grains, porosities, and cements present. Each slide was
broken up into sections at a magnification of 10x and then in each section 30 points were
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counted totaling 300 points per slide. In the end all the points counted were totaled and
interpreted. The computer program JMicroVision was used to randomly select the 30 points in
each section.

Figure 2. Image of the overall study area with the three canyons outlined in different colors. Mule Canyon is shown in
yellow on the map and is a dune-dominated interval with minor pond deposits. Lower McLoyd Canyon is shown in blue
on the map and is a mudstone-dominated interval capped by limestone. Road Canyon is divided into Upper Road
Canyon and Lower Road Canyon. Upper Road Canyon is a dune-dominated interval capped by limestone with minor
mudstones and pond deposits. Lower Road Canyon is a gypsum dominated interval with mudstones and dunes. (Image
source: Google Earth)
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Figure 3. Composite aerial photograph of the study area showing the locations of all the measured stratigraphic sections
(Source: USGS National Map Viewer). The measured sections are marked by the red dots and the blue dot is the location
of a thin section sample. The sections are numbered in which the order they were measured in the field area. There are
three lines labeled on the map and they correspond to a cross section in the interpretation section. A-A’ corresponds to
figure 28, B-C’ corresponds to figure 30, and C-C’ corresponds to figure 31.
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Facies Descriptions
Eight different depositional facies were described from the thirteen measured
stratigraphic sections. Depositional facies were interpreted based on lithology, color, and
sedimentary structures. Each depositional facies contains one or more lithofacies, identified
based on lithology and sedimentary structures.

Large-Scale Cross-Stratified Sandstone (Eolian Dune Sandstones)
Large-scale cross-stratified sandstones are found in various shades of orange and yellow
(Figure 4A) (both fresh and weathered surfaces). The majority of these sandstones crop out in
the eastern and northern parts of the study area, in Mule Canyon, Road Canyon and McLoyd
Canyon. These sandstones are well sorted and ranged in grain size from lower very fine-grained
to upper fine grained. The thickness of beds ranges from 0.35-11.5m. All sandstones exhibit
pin-stripe wind ripple laminations throughout the entire unit (Figure 4B). Wind ripple
laminations were confirmed through identification of upward coarsening laminae within the
thicker wind ripple sets. The upper surfaces of the sandstones are commonly mottled and
bioturbated (Figure 4C). Lower surfaces of the sandstones are commonly mottled. These
surfaces are interpreted to be rooted horizons (Figure 4D). Grain-fall deposits and scours were
found within the units as well. The sandstones have a sharp contact with overlying units or
intertongue with adjacent mudstones.
Cross-stratified sets ranged in thickness from 0.15-1m however the majority of crossstratified sets were on the thinner end of this range. In plan view, beds are concave and the basal
surface is concave up, similar to the base of a trough cross-bed (Figure 4E). Soft sediment
deformation was observed in several of the units at the surfaces. It consisted of folds and
bedding has been deformed and partially destroyed by the deformation (Figure 4F).
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Interpretation
The cross-stratified sandstones are abundantly wind rippled and are interpreted as
deposits of migration barchanoid dunes. Langford and Chan (1993) identified both large trough
and small trough cross-stratified eolian dunes in the Canyonlands area. Their large trough sets
were composed of cross-stratified sandstones with foresets 1-7m thick. Their small trough sets
averaged 0.6-0.8m in height. Both sets of dunes they identified were of cross-stratified eolian
dunes with concave bedding plane exposures and wind-rippled laminae. They interpreted these
cross-stratified dune sands as deposits of migrating barchanoid dunes. The cross-stratified
sandstone sets of a thickness larger than one meter are interpreted to be large trough sets and the
sandstones with sets that are less than one meter in thickness are interpreted to be small trough
sets. Transverse dunes can be seen in the upper portions of Mule Canyon however they were not
part of the measured stratigraphic sections.
There are two types of surfaces that have been identified and interpreted within the crossstratified sandstones, deflationary surfaces, and stabilization surfaces. The surfaces that overlie
mottled bioturbated eolian sands have been interpreted as vegetated stabilization surfaces and
these surfaces can be found throughout the study area but were more abundant in Lower McLoyd
Canyon and Road Canyon. Deflationary surfaces are less abundant in the study area and are
more commonly found in Mule Canyon. Stokes (1968) was the first to identify deflationary
surfaces as erosional extensive parallel surfaces created by deflation of the dunes to the water
table. Loope (1985) identified these surfaces as regionally extensive erosion surfaces as water
table controlled deflation surfaces. In later work Loope (1988) identified abundant rhizoliths
associated with vegetation of the dune sea that are probably related to stabilization surfaces.
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Figure 4. A-E shows various photos of sedimentary structures of the eolian dunes throughout the study area. A. The
dune sandstones occur in various shades of yellow and orange in the study area this particular photo is from Mule
Canyon. B. Wind rippled sandstone with a Jacob’s Staff is for scale, it is showing approximately 0.25m. C. Mottled
dune surface, with the characteristic orange and white coloring. D. Rhizolith on the surface of a dune. E. A barchanoid
dune form, in the characteristic crescent shape. F. A soft sediment deformed dune from Upper Road Canyon.
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Wetland and Fluvial Overbank Deposits (Sandy Mudstones)
The sandy mudstones are light red to dark red/brown (both fresh and weathered surfaces).
In some beds large mudcracks are observed and filled with white/grey sand (Figure 5A). The
mudcracks range up to 2m in length and the sand grain size of the sand filling the cracks ranges
from upper very fine grained to upper fine grained. Where there aren’t mudcracks present the
mudstone is highly bioturbated with very fine-grained white sand at the surface (Figure 5B). The
thicknesses of the mudstones aren’t uniform; they range from as thick as 0.85m to 4.6m thick. In
some locations thin beds of sand, 0.10m, are interbedded within the mudstone (Figure 5C).
Some of the mudstones also express nodular weathering (Figure 5D). They have an erosional
contact at the surface with overlying units. In some places the beds of mudstones come to an
abrupt end as they lap onto the upper surfaces of eolian dune sandstones and pinchout (Figure
29).
Interpretation
These sandy mudstone beds are interpreted to be associated with a wetland like
environment. The abundance and size of sand filled mudcracks is interpreted to be a product of
repeated drying at the surface. The presence of fluvial channel deposits in Lower McLoyd
Canyon suggests that the marshy environment is associated with a stream. One key aspect about
the mudstones is that fluvial deposits are only seen in Lower McLoyd Canyon but the mudstones
are found throughout the study area. Langford and Chan (1989) identified horizontally bedded
shales within the Cedar Mesa Sandstone that contained mudcracks. They interpreted these shales
as being an overbank-interdune deposit. Mountney and Jagger (2004) identified red-brown to
purple mudstone and siltstone facies that was massive, blocky and horizontal to low angle
laminated beds. They interpreted these mudstones and siltstones to be fluvial deposits. The
sandy mudstones are interpreted as fluvial overbank deposits in agreement with Langford and
12	
  

Chan (1989) and Mountney and Jagger (2004) because of the evidence of repeated wetting and
drying and the evidence of abundant root bioturbation.

Figure 5. A-D shows various mudstones from Lower McLoyd Canyon and Upper Road Canyon of the study area. A. A
mudstone with sand filled mudcracks in Lower McLoyd Canyon. The Jacob’s Staff is for scale it is showing
approximately 1.5m. B. A bioturbated mudstone from Lower McLoyd Canyon. C. A nodular weathered mudstone with
a thin bed of sand in the middle from Upper Road Canyon (Jacob’s Staff for scale). D. A close up of the nodular
weathered mudstone from figure 6C from Upper Road Canyon.

Fluvial Channel Deposits
Fluvial channel deposits are dark brown in color and are interbedded with thin white
sandy beds (both weathered and fresh surfaces) (Figure 6A). These deposits are only seen
exposed in Lower McLoyd Canyon. These deposits fill an irregular lenticular scour and become
finer grained upward. The unit is fairly thick, 2.5 meters thick, and contains lateral accretion
beds, which suggest a meandering stream (Figures 6B and 6C). The lateral accretions sets dip
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across the entirety of the scour. They are irregular, being that at the base, and steep in the lower
part of the set. Trough cross strata (Figure 6C) and climbing ripples were evident in the lower
parts of the beds. The upper parts of the beds showed no visible sedimentary structures. The
beds consisting of alternating deposits of dark brown mud and white sandy beds are
characteristic of lateral accretion deposits (Carling and Dawson, 1996). The channel was
approximately 2.5 meters thick and 7 meters wide. The sandy beds within the unit are lower fine
grained. The position of the deposits suggests the channel axis to be 160-340 degrees and the
most common direction of flow appeared to be towards the south based on the few trough cross
strata observed. The contact with overlying and underlying units is erosional and irregular.
Interpretation
It is common to see fluvial deposits to intertongue with eolian strata in the rock record
(Langford and Chan, 1989). The scarcity of the fluvial channel deposits within the study area
suggests that the rivers/streams weren’t very large and were probably widely spaced. There are
lateral accretion beds associated with the channel deposits suggesting that the river/stream was a
meandering stream (Carling and Dawson, 1996). Langford and Chan (1989) identified coarsegrained arkosic sandstones as channel deposits within the Cedar Mesa Sandstone in the
Canyonlands area. They interpreted these fluvial deposits to be the result of a single-channel and
braided fluvial channel fills. Mountney and Jagger (2004) identified fluvial strata as massive,
parallel-laminated planar, and trough cross-bedded purple and brown sandstone units that vary in
grain size from very fine to very coarse sand. They have interpreted these fluvial deposits to
exhibit a variety of facies including channelized, braided, sheet-flood and ponded fluvial
systems. The Canyonlands area tends to have a larger fluvial influence that what is observed in
this study area.
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Figure 6. A-C shows the channel deposits that are found in Lower McLoyd Canyon. A. A channel deposit with lateral
accretion beds that is located in Lower McLoyd Canyon. It is unit 3 in measured strat section 3 (See Appendix A for a
complete description of the unit and section). The location of this measured section can be found in figure 3, which shows
the location map of the measured stratigraphic sections. B. A close up of the channel deposit from figure 6A and shows
the lateral accretions. C. A close up of another channel deposit farther into the canyon however a stratigraphic section
was not measured here. Rock hammer for scale.

Sandy Limestones
The sandy limestones are grey with irregular dark grey patches (both weathered and fresh
surfaces) (Figure 7B). They have a blocky appearance on outcrop and often liter the slopes
below the bed with small pieces (Figure 7A). The beds are generally thin ranging in thickness
from 0.25-0.90m. They are horizontally bedded with wispy laminations; in some places chert,
shale, and sandstone are interbedded within the unit (Figure 7C). Chert nodules are also found
within the beds (Figure 7D). The beds pinch out laterally onto eolian dunes sandstones (Figure
15	
  

29). Beds have irregular upper and lower surfaces, but are thin, resistant, tabular beds that form
well defined ledges that extend for approximately 4km from the edge of the dune sea into the
adjoining mudstones and evaporites. They do not contain any body fossils, and their association
with underlying thick beds of mudstones and vegetated eolian dunes suggests that they are fresh
or saline lake deposits and not open marine. The contacts with overlying and underlying units
are sharp however a covered section is often associated both above and below the beds.
These limestones are similar to the limestones seen associated with pond deposits found
within the area however they are not the same. They are more laterally extensive and are not
confined to areas between dunes like pond deposits are. The pond deposits also have a distinct
rough appearance on the surface of beds, which these limestones do not have. The upper and
lower surface are much smoother, except where disrupted by chert nodules.
Interpretation
These sandy limestones are interpreted to be the result of a small semi permanent fresh
water lake. Their lack of body fossils, bed thickness, and association with underlying vegetated
dunes and thick beds of mudstones indicates that they are fresh water limestones and not marine.
Past research interprets limestones within the Cedar Mesa Sandstone to be marine limestones
(Baars, 1962). Langford and Chan (1989, 1993) and Duncan (2006) identified similar limestones
within the Cedar Mesa Sandstone, however they were interpreted as pond deposits and were
generally seen as lenses sandwiched between two eolian sand bodies. These particular limestone
deposits are not like the limestones Langford and Chan identified. These limestones aren’t
confined to interdune areas like pond deposits are, they are seen capping eolian sand bodies and
mudstones within the study area. Petrographic analysis also did not reveal microfossils, or fossil
fragments, suggesting that this was either a saline or brackish water setting that was not
16	
  

amendable to most life. Therefore they were probably formed in a small semi permanent lake
and not in the sabkha environment previously interpreted by Huffman and Condon (1993).
However, this does not preclude the formation of a fresh-to-brackish water environment in the
landward end of a coastal sabkha.

Figure 7. A-D shows various beds of limestone throughout Lower McLoyd Canyon. A. Shows limestone pieces that are
commonly seen littering the slopes throughout the study area. B. Shows a close up of the surface of a limestone bed.
There are wispy dark and light areas can be seen. This is characteristic of all limestones in the study area. C. Shows a
limestone bed with a thin bed of sandstone in the middle. D. Shows a close up of a limestone bed showing red chert
nodules that are commonly seen within the limestones throughout the study area.

Wet Interdune Deposits (Pond Deposits)
Pond deposits are horizontally bedded red lenses that occur randomly throughout the
area. The lenses are seen sandwiched between two eolian dune sandstone deposits. Their lateral
continuity and thickness is not uniform (Figure 8B). Overall the deposits are thin beds with an
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observed range between 0.30 and 0.60m in the field. They consist of limestone, chert, sandstone,
and shale. The sandstone beds within the pond deposits are very thin at approximately 0.15 –
0.30m thick. Their contact with overlying and underlying units is irregular. The face of the unit
has a distinct rough and bumpy appearance (Figure 8A).
Interpretation
These pond deposits are commonly found between dunes and are created when a pool of
water collects and remains for a period of time. In order to form a limestone, the ponds have to
be filled with fresh or brackish water for long enough periods of time for microbes and other
biota to deposit the limestones. These pond deposits have been interpreted to be remnants of
interdune deposits. Langford and Chan (1989, 1993) and Duncan (2006) identified pond facies
as distinctive red lenses within eolian units and interpreted them to be deposits of interdune
ponds.

Figure 8. A and B show a pond deposit from measured strat section 8 on figure 3. A. Shows a close up of the pond
deposit showing the distinctive rough red surface (Jacob’s Staff for scale). B. Shows the distinctive lenses shape of the
pond deposit sandwiched between two eolian dunes.

Intermittently Flooded Sand Sheets (Vegetated Sand Sheets)
Vegetated sand sheets are found in various shades of orange and are found scattered
throughout the study area (both weathered and fresh surfaces) however, they are most commonly
18	
  

found in Lower McLoyd Canyon and Road Canyon. They are horizontally bedded tabular
bodies of sand that are commonly mottled (Figure 9 E) and wind rippled. Their bed thickness
ranges from 0.45 meters to 1.35m. They range in grain size from lower very fine to upper finegrained with the majority in the fine-grained range. The sand sheets are found associated with
beds of mudstone and/or shale and in Lower McLoyd Canyon aqueous dunes (Figure 9 F). In
Lower McLoyd Canyon it was common to find a thin mudstone and/or shale overlying an
underlying the sand sheet and in Road Canyon a mudstone was often found underlying the sand
sheet. Some of the sand sheets have bioturbation (holes) and concretions at the base of the unit
(Figures 9C and 9D). The concretions are presumed to be carbonate concretions due to the
abundant carbonate cements observed within the sandstones. Mottling was observed on all beds
throughout the study area suggesting they were once vegetated. However this observation is
tentative since there is no direct evidence of vegetation such as carbon plant remains or
rhyzoliths.
Aqueous trough cross-strata was observed within some of the beds in several locations
(Lower McLoyd Canyon and Mule Canyon). These contained whispy foreset beds, distinctively
different in appearance to the wind-ripple laminae. The trough foresets were much smaller and
more highly cured at the base than the eolian foresents. The aqueous cross beds is being grouped
within the intermittently flooded sand sheets because they are found associated overlying and/or
underlying sand sheets and mudstones. The aqueous trough cross-strata observed in Lower
McLoyd Canyon had concretions and wispy cross beds. A thin bed of red shale was found at the
top of several units including a sand sheet and aqueous dune here (Figures 9A and 9B).
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Interpretation
The wind ripples found within the sand sheets suggests that they are eolian deposits. The
wind ripples are seen as pin-stripe laminations similar to those observed in the eolian dune
sandstones. The fact that the sand sheets are often found associated with mudstones, shales and
aqueous dunes is interpreted to be that they were intermittently flooded. The mottling
throughout the units is interpreted to be from vegetation of the dunes, which indicates the sand
sheets were flooded with fresh water and not saline water. However it is tentative that the
mottling was created by vegetation. Mountney (2006) identified eolian sand sheet facies in the
White Canyon area of the Cedar Mesa Sandstone that in some places the sand sheets exhibited
extensive bioturbation and contained plant root casts, trace fossils, and small-calcified rhizoliths.
Mountney and Jagger (2004) identified damp interdune facies such as wavy laminated
sandstones that had evidence of bioturbation and small-scale plant root structures. Associated
with these interdune facies were freshwater limestones, homogenized and aqueously reworked
eolian sandstones and planar laminated, muddy siltstones and sandstones. Langford and Chan
1993 observed that in several areas within the Canyonlands area, which is approximately 100
miles north west of this study area, that in the Maze District of the Canyonlands sand sheets
begin to replace dunes and in the Lower Grand Gulch area sand sheets become more abundant
with few dunes. The evidence of bioturbation and small-scale plant root structures and waterreworked aeolian sandstones are consistent with the facies I have observed in the field however
the sand sheet facies I have identified are not confined to interdune areas like previous
researchers (Mountney 2006, and Mountney and Jagger 2004) have observed and described
them.
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Figure 9. A-F shows various sand sheets and aqueous dunes from the study area from Road Cayon and Lower McLoyd
Canyon. A. Shows an outcrop from measured strat section 5 in figure 3 in Lower McLoyd Canyon. The outcrop shows
mudstone (at the base), sand sheet, aqueous dune and eolian dune. Each of the various units are separated by a thin bed
of red shale. B. Shows a close up of the outcrop in figure 9 A and is showing the red shale layers. C. Shows bioturbation
in a sand sheet from Lower McLoyd Canyon. D. Shows concretions in an aqueous dune from Lower McLoyd Canyon.
E. Shows a highly mottled sand sheet in Lower McLoyd Canyon. F. Shows a sand sheet in Upper Road Canyon with a
bed of mudstone below the unit.

Evaporite Muds (Shales)
The evaproite muds are beds of dark brown and purple shale (both weathered and fresh
surfaces) and are only observed in Lower Road Canyon associated with the evaporite deposits.
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They are fissile, laminated, and some beds show signs of post-depositional compaction (Figure
10B and C). Compacted mud cracks are one of the pieces of evidence for compaction for the
unit (Figure 10C). Their lateral continuity and thickness is not uniform. Overall the deposits
have a range of thicknesses from 0.20 meters to 1.5 meters. The beds contain gypsum in the
form of veins, nodules, and sometimes-thin beds, 0.25 meters thick (Figure 10D). Their contact
with overlying and underlying units is irregular.
Interpretation
These beds of shale are interpreted to be muds from a playa lake or saline sabkha that
moved into the area as it was flooded due to a rainstorm or a brief elevation of the water table.
The lack of marine deposits within the study area rule out that they could be from a coastal
sabkha. Playas are usually found in desert areas that experience small flooding events and as
that lake dries up evaporites are left behind (Prothero and Schwab, 2004). Langford and Chan
(1989) identified horizontally bedded shales within the Cedar Mesa Sandstone that contained
mudcracks. They interpreted these shales as being an overbank-interdune deposit. Mountney
and Jagger (2004) identified red-brown to purple mudstone and siltstone facies containing
massive, blocky and horizontal to low angle laminated beds. They interpreted these mudstones
and siltstones to be fluvial deposits. Although the shales described by these authors have some
similarities, for example the mudcracks and laminated beds, they lack evidence for having fluvial
influence, such as channel deposits, and they are not confined to interdune areas.
These shales are different from the mudstones that were deposited by the freshwater
marsh. These shales do not show signs of vegetation like the mudstones do and the deposits are
thinner than the mudstones. However they do have an abundance of mud cracks like the
mudstones do, but they are not nearly as thick or widespread as the ones observed in the wetland
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mudstones. This being the case, the associated evaporite deposits, thickness, and composition
support the interpretation of them being muds deposited in the margin of a saline sabkha or
playa. The veins and nodules form in sabkhas and playas, where saline water evaporates near the
surface (Prothero and Schwab, 2004). The evaporite beds must have formed in long-lived saline
environments that however, as is evidenced by the interbedded lacustrine limestones and marsh
mudstones, must have been episodically inundated with fresh or brackish water.

Figure 10. A-D shows various photos of the playa shales observed in Lower Road Canyon. A shows the thin laminated
beds of purple and red shale (Jacob’s Staff for scale). B shows the bed of shale being compacted by the overlying sand
sheet. C shows a compacted mud crack, which is evidence for the interpretation that the bed was compacted by the
overlying sand sheet. D shows a bed of gypsum that is interbedded within a bed of playa shale.
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Sabkha Deposits (Gypsum Deposits)
The sabkha deposits in the study area are only seen exposed in Lower Road Canyon.
They intertongue with the muds and eolian dunes found within the study area. Lower Road
Canyon is mainly composed of hills of loose slope wash and rocks crop out in several areas
however their appearance and composition varies from outcrop to outcrop (figure 11A). It is
probable that the majority of the evaporite deposits are buried beneath the slope wash.
The evaporite deposits are composed of gypsum and exhibit a variety of sedimentary
structures and bedding. The most common is as veins and/or nodules within mudstones/shales
and eolian sandstones however several thin beds of gypsum were observed and a dune composed
of gypsum sand was observed in one location as well (Figure 11C, 11D, and 11E). The thin
gypsum beds are approximately 0.25 meters to 0.60 meters thick and are often observed
interbedded with mudstones. The beds are often seen with an orange weathered surface but are
bright white beneath the surface. This is probably due to weathering of the surface. The gypsum
veins are several millimeters thick at about 2-5mm (figure 11F) and are seen within beds of
eolian sandstones and/or mudstones.
Petrographic analysis of a sample taken of the sandy limestone from Lower McLoyd
Canyon showed gypsum cement, which suggests the sabkha deposits play a larger part in the
study area then observed out in the field. This suggests that the highly saline brines that the
evaporites precipitated from moved into the dune field after the dunes were vegetated and
stabilized.
Interpretation
Evaporites and associated sediments are known to form in two settings. Dry inland lakes
form where an enclosed area restricts inflow of sediment, and an arid climate allows evaporation
of ground and surface water (Sonnefeld and Perthuisot, 1989). Marginal marine sabkhas form
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where evaporation on an arid coastline results in the influx of saline water into a basin. It is
interpreted that these gypsum deposits are evaporite beds that formed in a shallow inland lake.
The lack of marine deposits throughout the study area as well as the evidence of repeated wetting
and drying spells is evidence that supports that the evaporite beds were formed in a shallow lake
as opposed to a coastal sabkha. Huffman and Condon (1993) identified evaporite facies in the
Cedar Mesa and observed sandstone beds and one bed of reworked gypsum that displayed largescale cross bedding characteristic of eolian dunes near Comb Ridge. However, they have
interpreted these evaporites to be a result of a tidal-flat and sabkha conditions in Colorado and
northwestern New Mexico. The abundant evidence of vegetation from fresh water environment
throughout the other facies (ex. Vegetated sand sheets and fluvial channels) indicates that the
gypsum deposits in this study area are not from tidal-flat or have any marine influence. The
evaporite deposits would also support the small semi permanent lake that formed the sandy
limestone deposits.
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Figure 11. A-E shows various forms of gypsum found in Lower Road Canyon. A. Shows an outcrop from measured
strat section 12 on figure 3. It shows the how many of the outcrops appear in the field with the mound of sediment on top.
B. Shows a gypsum nodule within mudstone (rock hammer for scale). C. Shows a gypsum bed that is red on the outside
but pure white on the inside, this is how most of the gypsum beds appear in the study area. D. Shows gypsum nodules
within eolian dune sandstone (pencil for scale). E. Shows gypsum veins within an eolian dune sandstone that was
measured in Lower Road Canyon (Jacob’s Staff for scale).
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Petrographic Results
Of the samples collected in the field, seven were prepared as thin sections for
petrographic analysis. All thin sections were injected with blue dye epoxy to highlight porosity
and stained Alizarin Reds to distinguish presence calcite/aragonite. Three hundred points for
each slide were counted to determine the percentages of different cements using the methods of
Folk, 1959 and 1962. Ten sub-areas on each slide were randomly selected using a classified
random procedure to cover the entire slide. Thirty points per subarea were randomly selected
using the random selection setting in the computer program JMicroVision. From the total of 300
points per slide, the percentages of different grains, porosities, and cements were estimated.

Eolian Sandstones
Three sandstone samples were selected for petrographic analysis. The sandstones
throughout the study area were uniform in grain size, sedimentary structures, etc.. Samples
1SAB1AT and 1SAB1BT are from eolian dune sandstones that came from measured strat
section 6 (figure 3), located in Lower McLoyd Canyon. Sample 1SAB1BT is from a bleached
white sandstone and sample 1SAB1AT is from an eolian dune sandstone. Bleached white
sandstones are observed throughout the Cedar Mesa Sandstone and are thought that they may
have had hydrocarbons in them at one time. These two samples were chosen to determine the
porosity and cement differences between the two units. The third sample (2RC3) came from a
sand sheet from measured strat section 10 (figure 3) located in Upper Road Canyon. Grain size,
rounding, and sorting were determined using a grain size card in both the field and in the thin
section. Petrographic analysis of the three sandstones showed that they were similar in both
composition and diagenetic history. All samples showed signs of compaction however the
bleached sandstone (1SAB1BT) and sand sheet (2RC3) samples have significantly more
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compaction than the dune sandstone sample (1SAB1AT). Porosity types and amounts of
carbonate cements varied slightly.

Diagenetic Sequence of Sandstones
The three sandstone samples are all similar diagenetically. Immediately after deposition,
the intergranular primary porosity was reduced by the formation of quartz overgrowth cement
(Figure 12 B). The dune sandstone sample has a larger amount of quartz overgrowth cements
than the other two samples. They play a minor role in the bleached sandstone and sand sheet
samples, and in the sand sheet sample are almost not present. The primary porosity was reduced
further by an early calcite rim cement that formed around the edges of grains (Figure 12 A, also
evident in figure 12 B). This cement is composed of small calcite crystals that line many of the
pores. The early calcite cement within the slide has a lighter red appearance than the late calcite
cement, which is stained a dark red by the Alizarin Reds stain. The crystals become larger away
from the grains, probably through competitive crystal growth. After the rim cement formed a
pore-filling calcite cement formed in the primary pores between grains (In Figure 12 A).
The rim cement, early calcite cement, and quartz overgrowth cements are found between
compacted grains (In figures 12 A and B). This is evidence that the cement formed before
compaction of the sample occurred. Although compaction occurs in all the sandstone samples it
is most evident in sample 1SAB1BT. It is evidenced through indented and sutured grain
contacts. Certain areas within sample 1SAB1BT appear to have had more compaction than other
areas within the sample there are an abundance of indented and sutured grains in certain areas of
the sample and areas where the grains aren’t as compacted and it is in the less compacted areas
that there appears to be more porosity and/or cements. The formation of late calcite cement
occurred after compaction. It is not found between grains like the early calcite cement is.
28	
  

A dissolution event occurred after compaction. Grains as well as quartz overgrowth
cements show signs of being dissolved away creating secondary porosity (Figure 12 C). After
this dissolution event a late calcite cement formed in some of these secondary pores in several
places throughout the side (Figure 12 D). Later this calcite cement is replaced by dolomite in
some places (Figure 12 E and F).
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Figure 12. A-H shows various petrographic photos of various diagenetic sequences throughout the sandstone samples. A
shows the early calcite rim cement that is observed around the edges of the quartz grains. It also shows the early calcite
cement that is present in the slides. Both cements are found between compacted grains, which tells us it is a
precompaction cement. B shows the early calcite rim cement again and shows quartz overgrowth cement. C shows the

30	
  

dissolution of quartz grains and quartz overgrowth cement creating secondary porosity. D and E shows compaction
within sample 1SAB1BT. D shows an area within the slide that has a significant amount of compaction and E shows an
area that has less compaction and more primary porosity preserved (shown by the blue areas of the slide). F shows a late
calcite cement that has formed in a secondary pore. G and H show late calcite cement being replaced by dolomite. G is in
PPL and H is in XPL.

Sample 1SAB1AT
Sample 1SAB1AT came from unit 4 (Figure 16) in measured section 6 (Figure 3). In the
field this unit is an orange-colored eolian dune sandstone that is fine-grained, wind rippled, and
is composed of small barchans. Grains are rounded to subrounded with a few subangular grains
(Figure 13 A). Petrographic analysis of the sample showed that it is composed of 61% grains,
14% cement, and 25% porosity.
The grains are 99% quartz with one opaque clast (probably magnetite) counted. Mica,
plagioclase, chert, microcline, and potassium feldspar grains are present in very small
abundances and the point counter did not land on them. Early calcite cement (Figure 13 B), late
calcite cement (Figure 13 C), dolomite cement, and quartz over growth cement (Figure 13 D)
were identified within the thin section. Of these cements late calcite cement was the most
abundant at 36% of the total cement. The sample was fairly porous and there were two types of
porosity present: primary and secondary. The primary porosity consisted of small intergranular
pores (Figure 13 E) and the secondary porosity was large pores, containing, or bordered by
partially dissolved grains (Figure 13 F). The amount of either porosity present was subequal
however primary intergranular porosity was slightly more abundant than secondary porosity
making up 55% of the total porosity.
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Figure 13. A-F shows various petrographic photos from sample 1SAB1AT. Figure A shows a small section of the slide at
10x magnification in XPL. It shows the size and shape of the grains. Figure B shows early calcite cement. Figure C
shows late calcite cement. Figure D shows quartz overgrowth cement. Figure E shows primary intergranular porosity.
Figure F shows secondary porosity.

Sample 1SAB1BT
Sample 1SAB1BT came from unit 3 (Figure 16) in measured section 6 (Figure 3). In the
field this unit is a white colored eolian dune sandstone that is fine grained and wind rippled.
This sample is lower fined grained and well sorted. Grains are rounded to subrounded with a
few subangular grains (Figure 14 A). Petrographic analysis of the sample showed that it is
composed of 49% grains, 36% cement, and 15% porosity.
This sample is similar to sample 1SAB1AT in that the grains within this sample are
entirely quartz and one plagioclase grain counted. Mica, chert, microcline, and potassium
feldspar grains are present however the point counter did not land on them. Early calcite cement,
late calcite cement (Figure 14 B), dolomite cement, and quartz overgrowth cement were
identified within the thin section. Of these cements late calcite cement was the most abundant at
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49% of the total cement. This sample has significantly less porosity than sample 1SAB1AT,
which is the unit directly above it. Primary intergranular porosity (Figure 14 C) makes up 62%
of the total porosity in the sample and secondary porosity (Figure 14 D) is 38% of the total
porosity in the sample.

Figure 14. A-D shows various petrographic photos from sample 1SAB1BT. Figure A shows a small section of the slide at
10x magnification in XPL. It shows the size and shape of the grains. Figure B shows late calcite cement. Figure C shows
primary porosity. Figure D shows secondary porosity.

Sample 2RC3
Sample 2RC3 came from unit 4 (Figure 17) in measured section 10 (figure 3). In the
field this unit is an orange colored sand sheet that is bioturbated. This sample is lower fined
grained and well sorted. Grains are subrounded to subangular (Figure 15 A). Petrographic
analysis of the sample showed that it is composed of 64% grains, 32% cement, and 4% porosity.
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The grains within the sample are 99% quartz with 1% being composed of chert and
potassium feldspar. Throughout the thin section mica grains can be observed however the point
counter did not land on them. Late calcite cement, dolomite cement, early dolomite cement, and
quartz over growth cement were identified within the thin section. Of these cements late calcite
cement was the most abundant making up 52% of the total amount of cement present in the thin
section. However, it is important to note that this sample also had a significant amount of early
dolomite cement present, 43% of the total cement present in the thin section. Early dolomite
cement was not observed in the other two sandstone samples. The early dolomite cement is finegrained and is a precompaction cement because it is observed between grains. This sample had
significantly lower porosity than the other two sandstone samples. The total porosity of the
sample was 4% and of that secondary porosity was the dominant type of porosity making up
92% of the total porosity within the thin section.

Figure 15. A-D shows various petrographic photos from sample 1SAB1BT. Figure A shows a small section of the slide at
10x magnification in XPL. It shows the size and shape of the grains. Figure B shows early dolomite cement between
quartz grains. Figure C shows late calcite cement. Figure D shows secondary porosity.
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Figure 16. Measured strat section 6 (see figure 3 for location of stratigraphic section and Appendix A for a detailed
description of the stratigraphic section). Sample 1SAB1AT came from unit 4 and sample 1SAB1BT came from unit 3.
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Figure 17. Measured strat section 10 (see Figure 3 for the location of the stratigraphic section and Appendix A for a more
detailed description of the measured section). Sample 2RC3 came from unit 4. Mudstone sample 2RC2 came from unit 3.

Eolian Sandstone Porosity
Using petrographic analysis of the sandstone samples the impact of paleosol formation,
subaerial, and submarine diagenesis was addressed. Previous research shows that some of the
Cedar Mesa Sandstone has high preserved porosity and permeability (Dupret, 2001).
Hydrocarbons are so acidic that they have a bleaching effect on sandstones as they migrate
through. Bleached sandstones have been observed throughout the Cedar Mesa Sandstone
indicating that they may have been filled by hydrocarbons at one time (Dupret, 2001). Sample
1SAB1BT is an example of one of these bleached white sandstones. Despite the fact that sample
1SAB1Bt is one of these characteristic bleached white sandstones it has significantly less
porosity than the unit (1SAB1AT) directly above it (Table 1).
As was discussed in the sandstone diagenetic sequences each sandstone sample was
similar however the amount of grains, cements, and porosities varied from sample to sample.
Sample 1SAB1AT was one of the highest environments topographically at the time of deposition
and it has the most porosity out of the three samples. It is interesting because sample 1SAB1BT
is from the unit directly below it and the porosity is decreased significantly. Sample 2RC3 has
the least amount of porosity out of the three samples at 4%.
It appears that units that were topographic highs during deposition, for example sample
1SAB1AT, have better preserved primary and secondary porosity than topographically lower
units, for example samples 1SAB1BT and 2RC3 that have poor porosity due to significant
amounts of compaction and the precipitation of early and late carbonate cements within pore
spaces. The precipitation of carbonate cements in bleached white sandstones indicates that
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hydrocarbons migrated through the sandstone and later the rising of the water table caused
cements to fill the pore spaces after the hydrocarbons migrated. The exact time when the
sandstone of sample 1SAB1BT was bleached is uncertain however the best guess would be that
it occurred before compaction. It is after compaction that several stages of formation of
carbonate cement in pore spaces occurred reducing porosity of the sample.
Table 1 shows the three sandstones samples (1SAB1AT, 1SAB1BT, and 2RC3) and their
percentage of grains, cements, and porosities for comparison.
Sample
% Grains
% Cement
% Porosity
1SAB1AT

61%

14%

25%

1SAB1BT

49%

36%

15%

2RC3

64%

32%

4%

Carbonate Rich Mudstones
There were several variations of mudstones observed within the field area. Two samples
from upper Road Canyon were made into thin sections. The two samples are 2RC1 and 2RC2
and are very different; one has been recrystallized (micrite) and has very few clastic grains while
the other is composed of carbonate mud and has an abundant amount of clastic grains. Sample
2RC1 is from measured strat section 9 (Figure 3) and sample 2RC2 is from measured strat
section 10 (Figure 4).

Diagenetic Sequence of Carbonate Rich Mudstones
The mudstones have a similar diagenetic sequence with only slight differences. Both
samples started off with deposition of a lime mud. The two samples have a significant difference
in the amount clastic grains within them. Sample 2RC1 has significantly more sand-sized grains
than sample 2RC1 (Figure 18 A and B). The Alizarin red stained the small crystals in the thin
sections red, indicating calcite. A piece of sample of 2RC2 was dissolved with HCl acid in the
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lab to help determine the composition of it. Once the acid had dissolved all of the carbonate in
the sample only mud and a small amount of sand grains were left.
After deposition of the mud voids within the rock formed and calcite cement formed
within these voids. How the voids formed within the mudstone is uncertain but a hypothesis can
be made that they formed from the bioturbation from plant roots. The voids vary in size from
several hundred micrometers in length to several thousand micrometers in length and were
generally rounded like in shape. The calcite cement appears as very large crystals in sample
2RC2 (Figure18 D) and in sample 2RC1 it is smaller crystals (Figure 18 C). The voids that
formed within sample 2RC2 were larger than sample 2RC1 and larger calcite crystals formed
within them. After the formation of the calcite cement in sample 2RC2 the sample was
recrystallized. The recrystallized micrite has a patchy appearance and when looked at in a higher
magnification the lighter areas are due to the presence of calcite crystals (Figure 18 E).

Figure 18. A-E show various petrographic photos of samples 2RC1 and 2RC2. A shows sample 2RC1, which is composed
of lime mud with an abundance of quartz grains. B shows sample 2RC2, which is composed of micrite with a few quartz
grains. As can be seen comparing figure A and B the two mudstones are very different. C shows the calcite cement that is
observed in Sample 2RC1. D shows the calcite cement that is observed in sample 2RC2. E shows a close up (63x) of the
micrite in sample 2RC2. The patchy appearance of the micrite comes from areas of larger calcite crystals.
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Sample 2RC1
Sample 2RC1 came from unit 1 (Figure 21) in measured section 9 (Figure 3). In the field
this unit is a red/brown colored tabular mudstone. This sample is mainly composed of lime mud
making it difficult to point count due to mud that covers grains (Figure 19 A). The sample can
be classified as a micrite or carbonate mudstone with abundant clastic grains. This sample had
an abundance of grains, dominantly composed of quartz, that were very fine-grain size. The
grains were angular, subangular, subrounded. Petrographic analysis of the sample showed that it
is composed of 26% clastic grains and 74% carbonate. This sample did not have any remaining
porosity.
The grains within the sample are dominantly quartz, 96% of the total grains, and 4% of
the total grains were mica grains (Figure 19 B). Lime mud was the dominant constituent within
the sample, 96% of the total non-sand-sized grains, however there were several areas that had
sparry calcite cement (Figure 19 C). This sample is very different from the other mudstone
sample, 2RC2. It has significantly more grains and has not been recrystallized like sample
2RC2.
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Figure 19. A-C shows various petrographic photos from sample 2RC1. A shows the overall appearance of the sample as
well as grain abundance, sizes, and shapes. B shows a close up of a quartz grain within the mud matrix. C shows the
calcite cement that is seen within the sample.

Sample 2RC2
Sample 2RC2 came from unit 3 (Figure 17) in measured section 10 (figure 3).
Petrographic analysis of this sample determined that this rock is a clastic-rich sandy muddy
limestone that is dominated by micrite with few clastic grains (Figure 20 A). The grains are not
uniform in size there are a mixture of very small clastic grains, approximately 50 micrometers in
length, and larger clastic grains, approximately 200 micrometers in length (Figure 20 A and B).
The grains are subrounded to subangular. Petrographic analysis showed that the sample was 7%
grains and 93% micrite and fine clastics.
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The grains were dominantly quartz with 95% of the total grains being quartz, the other
5% was chert. There were several mica grains within the sample as well however the point
counter did not land on them.
The micrite has a patchy appearance within the slide with areas of light and dark (Figure
20 C). In the lighter areas is where the sparry calcite cement is found (Figure 20 D). The patchy
appearance is due to bioturbation but whether it is from roots or some type of animal is unclear.
Most likely the bioturbation created a void allowing fluid to enter the void and eventually to be
filled with sparry calcite cement.

Figure 20. A-D shows various petrographic photos of sample 2RC2. A shows a photo of the sample to show the overall
appearance of the sample as well as abundance, size, and shape of the grains. B shows quartz grains and their varying
sizes. C shows the patchy micrite. D shows the sparry calcite cement seen throughout the sample.
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Figure 21. Measured strat section 9 (see Figure 4 for location of stratigraphic section and Appendix A for a more detailed
description of the stratigraphic section). Sample 2RC1 came from unit 1.

Sandy Limestone
The limestones in the field area were uniform in appearance and composition therefore
only one sample (1SLS2) was made into a thin section. Sample 1SLS2 came from measured
strat section 4 (figure 3) located in lower McLoyd Canyon.

Diagenetic Sequence of Limestones
The quartz grains and other minor grains were deposited at the same time that the
limestone was formed. Most likely the grains were blown by the wind into the area during
deposition of the sediments. After deposition bioturbation of the sample occurred which appears
to be root turbation (Figure 22 A). The bioturbation gives the micrite within the rock a patchy
appearance, which is where the breciatted appearance of the surface of the rock comes from in
the field. After bioturbation of the rock there was a dissolution event that formed pores within
the rock. These pores were then filled with calcite cement (Figure 22 B). There was a second
dissolution event after this creating more pores that after formation were filled with gypsum
cement (Figure 22 C). After the formation of the gypsum cement, calcite cement formed around
the gypsum. There is a calcite crystal filling in around a well-preserved gypsum crystal form,
which tells us that the gypsum cement formed first (Figure 22 D). A third dissolution event
occurred after the formation of the two cements creating fracture porosity within the rock (Figure
22 E).
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Figure 22. A-E shows various petgraphic photos of sample 1SLS2. A shows the dark patchy appearance of the micrite
which is caused by root turbation. B shows calcite cement that has formed within a void in the rock. C shows the gypsum
cement that formed in the second dissolution event. D shows gypsum cement but with calcite cements growing around the
gypsum cement. The arrow is pointing to a gypsum crystal that formed and the crystal form is unaltered by the calcite
cement that is growing around it telling us that the gypsum cement formed first. E shows the third dissolution event,
which resulted in the formation of fracture porosity.

Sample 1SLS2
Sample 1SLS2 came from unit 6 (Figure 24) in measured section 4 (figure 3).
Petrographic analysis of this sample shows that it is a micritic limestone (carbonate mudstone)
that is dominated by micrite with a few quartz grains. The quartz grains are fine grained and are
rounded, subrounded, and subangular. In the field this is a gray colored sandy limestone that has
a patchy appearance. In thin section that patchy appearance is caused by crystal size of the
cement causing it to have patches of dark red areas and lighter red areas (Figure 23 B).
Petrographic analysis of the sample showed that the sample is composed of 15% clastic grains,
84% carbonate, and 1% porosity.
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The grains within the sample are mainly composed of quartz however mica grains were
observed but the point counter did not land on them (Figure 23 A). Micrite, coarse calcitecrystalline cement, fine crystalline calcite cement, and gypsum cement were identified within the
thin section. Micrite was the dominant carbonate of this sample making up 77% of the total
cement within the thin section. However, the surprising component here was the gypsum cement
making up 3% of the total cement within the thin section (Figure 23 D). Gypsum is not observed
in the field in this particular part of the study area. There is also very coarse calcite that appears
to be filling what was once a void in the rock (Figure 23 C).
There is minor porosity within this sample however it makes up less than 1% of the total
composition of the sample. The porosity is secondary fracture porosity however it is minor. It
appears in some areas that there were more fractures present but they were filled with calcite and
gypsum cements (Figure 23 C and D).
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Figure 23. Shows several petrographic photos of sample 1SLS2. A shows the quartz grains within the micrite limestone.
B shows the patchy appearance of the sample, which is due to areas of fine-grained micrite and coarse-grained micrite. C
shows the coarse-grained calcite cement that is found throughout the slide filling voids within the sample. D shows
gypsum cement that has formed in a void within the sample.
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Figure 24. Measured strat section 4 (see Figure 3 for location of the stratigraphic section and Appendix A for a more
detailed description of the stratigraphic section). Sample 1SLS2 came from unit 6.

Gypsum
The gypsum within the field area is only seen exposed in Lower Road Canyon. It is seen
in various forms throughout the area of Lower Road Canyon (see the gypsum facies description
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on page 33 for a more detailed description). The gypsum bed in which the sample that was made
into a thin section came from a stratigraphic section could not be measured here because the
cliffs of the formations were too steep.

Diagenetic Sequence of Gypsum
After deposition of the clastic gypsum grains the intergranular primary porosity was
slightly reduced by an early calcite rim cement that formed around the edges of grains (Figure 25
A). This cement is composed of small calcite crystals that line many grains. After the rim
cement formed a pore filling poikilotopic gypsum cement formed between grains (Figure 25 B).
After the poikilotopic gypsum cement formed a late calcite formed (Figure 25 C). This cement
is seen as large gypsum crystals that fill large pore spaces. The calcite rim cement, poikilotopic
cement, and late calcite cement are all found between grains, which is the evidence that they all
formed before compaction occurred (Figure 25 D). Compaction of the sample occurred after the
formation of the late calcite cement. A dissolution event occurred after compaction creating
smaller pore spaces (Figure 25 E and F) after which dolomite cement formed (Figure 26 G and
H). A second dissolution event occurred after the formation of the dolomite cement creating
bigger pore spaces (Figure 25 I). There is dolomite cement is being dissolved (Figure 25 G and
H) which means that the dissolution event occurred after the dolomite cement formed.
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Figure 25. A-I show various petrographic photos of sample 1G3. A shows the early calcite rim cement that formed early
on the edge of the clastic gypsum grains. B shows the poikilotopic gypsum cement that formed between the grains. C
shows the late calcite cement that formed between grains. D shows the late calcite cement between two compacted grains
evidencing that it formed before compaction occurred. E and F show the small pore spaces that formed from the first
dissolution event. G and H show a dolomite cement that formed. G is in XPL and H is in PPl to show the pore space
around the cement. It can be seen in the two figures that the dolomite cement is beginning to dissolve in the second
dissolution event that occurred. I shows the pore spaces that formed in the second dissolution event. The pore spaces are
much larger in this event than the first dissolution event.

Sample 1G3
Sample 1G3 came from a gypsum deposit in lower Road Canyon (see Figure 3 for
location). Due to exposures and weathering of the bed it is too difficult to determine if the bed
was a gypsum dune. In the field this unit is composed of gypsum that is red on the surface and
white in color on the inside (Figure 26). This sample is composed of fine-grained clastic gypsum
grains. Grains are subangular to subrounded (figure 27 A). Petrographic analysis of the sample
showed that the sample is composed of 50% grains, 38% cement, and 12% porosity.
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The clastic grains within the sample are 100% gypsum. However, a few mica grains are
observed within the thin section but the point counter did not land on them. The sample is
dominated by poikaltopic gypsum cement however; there is a small amount of dolomite cement
and coarse calcite cement present (Figure 27 B and C). The poikaltopic gypsum cement makes
up 92% of the total cement within the slide. The porosity present within the sample was
secondary porosity. The pore spaces are not uniform in size. There are areas of small secondary
pore spaces and areas of large pore spaces suggesting more than one dissolution event (Figures
27 D and E).

Figure 26. Outcrop from which sample 1G3 came from in Lower Road Canyon. As can been seen in the photo it is red
on the outside but white on the inside (see figure 3 for location).
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Figure 27. A-E shows various petrographic photos of sample 1G3. A shows an overall photo of the thin section. B shows
the poikilotopic cement that has formed in between the clastic gypsum grains. C shows a late calcite cement that formed
between grains. D shows secondary porosity. E shows a larger area of secondary porosity.
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Interpretation
The transition between the Permian Cedar Mesa sand dune sea and the adjoining marine
and playa facies of the Halgaito and Organ Rock formations provides insights into how climate
and environment interacted in this unique setting where up to 300 m of eolian sands transition
into evaporites. The evaporites were generally spatially separated from the eolian sands and are
less common as tongues within the dune field than previously thought. The change from thick
deposits of eolian dunes to thin dunes with deposits of mudstones and limestones occur across a
narrow band. Additionally, there are deposits of several environments that haven’t been
previously described or observed in the Cedar Mesa. The arrangement of the various units
within the study area support the repeated wetting and drying of the area through time.
The eolian dunes are several hundred meters thick, in Mule Canyon in the northern
portion of the study area. In the central portion of the study area, which consists of Lower
McLoyd Canyon, Upper Road Canyon, and Lower Road Canyon, the eolian tongues are thinner,
20 meters thick or less. This change occurs in approximately 15 kilometers as observed in Mule,
McLoyd, and Road Canyons (Figure 2). In the southeastern portion of the study area the eolian
dunes are seen intertonguing with mudstones and evaporites.
The cross-stratified, wind rippled, and mottled sands are interpreted as barchanoid dunes
are similar to those described by previous researchers (Langford and Chan, 1993; Mountney,
2006). Two types of surfaces are observed within the sandstones, deflationary and stabilization
surfaces. Stokes (1968) and Loope (1985; 1988) identified similar deflationary surfaces in the
Cedar Mesa as well. Loope (1988) identified abundant rhizoliths that were associated with
vegetation of the dune sea and they were probably related to stabilization surfaces, which is what
we see in this study area. It is the deflationary and stabilization surfaces that mark the climate
changes within the area (Stokes, 1968; Loope, 1988).
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A marsh environment is inferred from thick beds of sandy mudstones. The mudstones
that have been observed by previous researchers in the Cedar Mesa Sandstone (Langford and
Chan, 1989; Mountney and Jagger, 2004) they interpreted them as overbank-interdune deposits
and fluvial deposits. The mudstones in this study area exhibited fluvial channels however these
fluvial deposits were only observed in Lower McLoyd Canyon. The thick beds of mudstone
deposits are seen throughout the southeastern portion of the study area (Upper and Lower Road
Canyon). The very large mudcracks, some as large as 2m in depth, found within the units are
evidence that support the repeated wetting and drying of the area. The thickness of the mudstone
deposits and their association with vegetated sand sheets found overlying the mudstones
throughout the lower portion of the study area is evidence that they are the result of a fresh water
marsh.
Williams et. al. (1991) described sand dunes in New South Wales, Australia influenced
by lucastrine and playa lakes. This area is a desert margin system that has episodic eolian,
alluvial and lacustrine sedimentation. The area was flooded by a influx of water from the
Eastern Highlands or a rise in the water table. When this occurred river channels in the area
became active again and the playa lakes began to fill. As the area began to dry again marginal
swamps and gullies were created. Vegetated dunes, stream channels, and gypsum deposits are
all found here similar to what is observed in my study area. Modern examples of wetlands
bordering large playas and lakes can be observed in the modern day example of Fish Spring near
the Great Salt Lake (Spencer et al., 1984). The Great Salt Lake is the remnant of a larger lake
known as Lake Bonneville (Spencer et al., 1984). Over time the lake began to dry out and
dissolved solutes due to evaporation caused the lake to be very saline.
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Figure 29 illustrates the intertonguing geometries of the eolian dunes and marsh
mudstone environments in Lower McLoyd Canyon and Upper Road Canyon. Deposition began
with the deposition of thick sandy mudstones in a marsh environment with isolated fluvial
channels (Figures 5 and 6). After this the climate became dry and dunes and sand sheets
migrated into the area. A sand sheet was deposited first and then buried by a prograding set of
barchanoid dunes (Figure 28-2). The dunes became vegetated due to a rise in the water table
causing the pore spaces of the sandstone to fill with fresh water allowing vegetation to grow and
stabilize the dunes (Figure 28-2). A similar stabilization of dunes due to vegetation has been
observed by previous researchers, Langford (2006) and Mountney (2006), both of whom noted
the association with pond deposits and inferred greater precipitation due to a climate change.
This caused the marsh environment to reactivate and a second deposition of mudstone occurred
(Figure 28-3). The marshy environment expanded as the water source increased and expanded to
the size of a small semi permanent lake (Figure 28-3). It is this environment that deposited the
sandy limestones (Figure 7). This change from marsh to small lake probably occurred in a short
amount of time due to sudden flooding into the margin of the dune field. The evidence for this
comes from the top of measured strat section 5, the transition from eolian and marsh mudstone to
limestone is abrupt. The limestone and underlying mudstones can be observed to lap onto the
eolian topography in Road and Lower McLoyd Canyons, with the limestone pinching out a few
tens of meters to 100 meters beyond the limits of the underlying mudstones.
The small semi permanent lake environment that was associated with the thin beds of
sandy limestones is another unique environment for the Cedar Mesa Sandstone that is also first
described in this thesis. Previous researchers, Baars (1962), Langford and Chan (1989), and
Duncan (2006) observed limestones, but only in association with interdune ponds or open marine
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conditions. The clastic sand grains, thickness, and lack of body fossils are evidence that they are
a fresh water deposit and not a marine deposit. These deposits are found capping eolian
sandstones and mudstones in the lower portion of the area marking a time of a wetter
environment. Gypsum cement was observed within the limestone sample (1SLS2). Finding the
gypsum cement within the limestone in petrographic analysis was quite interesting because
gypsum deposits weren’t observed within Lower McLoyd Canyon where the sample (1SLS2)
came from. Evaporite deposits may play a bigger role than observed within the field. The pond
deposits described by Duncan, 2006 and Langford, 2008 were freshwater to brackish deposits,
containing ostracods and were associated with dolomite cementation and intense rooting at pond
margins. The limestones in the study area also are associated with bioturbation and rooting
(Figure 8B) at their margins and therefore were not too saline to support vegetation, however the
early gypsum cement indicates more saline water than described by these other researchers.
The beds of limestones in the study area can be traced throughout the study area and
often pinchout into eolian dune sandstones. The beds of mudstones come to an abrupt end as
they lap onto upper surfaces of eolian dune sandstones and disappear. The rising of the water
table caused the marsh environment to reactivate the second time and muds moved in and began
to bury the dunes. As the lake (or playa) the marsh bordered expanded, a sudden flooding into
the margin of the dune field caused the marsh to expand quickly into the size of a lake burying
most of the dunes and beginning the deposition of the limestone. The second mudstone that is
observed in the field is poorly exposed and it is only identifiable by several beds that are found
cropping out within covered sections between the dunes and the limestone beds.
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Figure 28. This figure shows the various stages of deposition that occurred in Lower McLoyd Canyon and Upper Road
Canyon. Each of the numbered boxes corresponds to an explanation below. Line A-A’ on figure 3 is the location for this
cross section.
1.

2.

3.

The first bed of sandy mudstones to be deposited is thick and horizontally bedded with large sand filled mudcracks.
The channel deposits found in Lower McLoyd Canyon is the evidence for the fluvial influence. The channels are not
uniform in shape or size and occur randomly throughout Lower McLoyd Canyon. The mudstone was most likely
vegetated because we see bioturbation within the unit. The large mudcracks, up to 2 meters in length, within the unit
tell us that the environment at the time switched back and forth between wetter periods and dryer periods.
During a dryer period a thin horizontally bedded sand sheet was deposited on top of the sandy mudstone and was then
covered as eolian dunes migrated across the surface. The sand sheet grades pinches out into dunes. The dunes come to
an abrupt stop and this was because as the water table rose the pore spaces within the dune filled with fresh water and
the dunes became vegetated stabilizing them. The evidence for this comes from the abundance of mottling throughout
the eolian dune units and the evidence of rootlets (rhyzocreations and rhyzoliths) in some areas.
The marsh environment reactivated and another unit of mudstone was deposited and in some places it can be seen
lapping up onto dune surfaces as well as eolian dune tongues pinching out into the mudstone. The second bed of
mudstone has been heavily weathered and is often covered. It is only identifiable by thin beds sticking out in covered
areas. The wetland environment expanded in size creating the small semi permanent lake that is responsible for the
deposition of the thin sandy limestone deposits seen throughout the study area. The sandy limestone is a fairly thinbedded unity sometimes seen interbedded with thin sand beds. A period of drying occurred after the deposition of the
limestone allowing for dunes to migrate over the limestone. After a while the dunes once again become vegetated and
stabilized.

Figure 29. Canyon profile of Lower McLoyd Canyon that was created with GPS points that were collected in the field
area. Vegetated eolian dune sandstones are shown in yellow, fresh water marsh mudstones are shown in green, and the
limestones are shown in blue. The beds of limestones in the study area are discontinuous and often grade laterally into
eolian dune sandstones. The beds of mudstones come to an abrupt end as they lap onto upper surfaces of eolian dune
sandstones and disappear.

Lower Road Canyon is the only location within the study area that thick deposits of evaporite
deposits are observed. The evaporite deposits are composed of gypsum and more often then not
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the eolian dunes and mudstones that are observed in this area have gypsum veins and nodules, an
aspect that isn’t observed in the other portions of the study area. There are also thin gypsum
beds that intertongue with mudstones. It is important to note that a limestone bed is observed
here and it is the same marker limestone bed that is observed throughout Lower McLoyd Canyon
and Upper Road Canyon.
The evaporite deposits are seen as thin beds as well as veins and nodules within mudstones,
shales, and eolian dune sandstones. There are several theories as to the environment could have
formed the evaporite deposits. One is that they are a result of a small lake that dried up and this
would coincide with the environment that formed the sandy limestone beds. Another is that it
they are playa deposits that were fringed by a wetland environment. The theory that makes the
most sense based on evidence observed in the field would be that it is the result of upward drying
from the small lake that formed the sandy limestone. The shales and muds found in this portion
of the study area do not have evidence of being vegetated like the mudstones found in Upper
Road and Lower McLoyd Canyon. The water had to be quite saline to precipitate evaporites
therefore plant life would not have been able to survive.
Previous researchers, Huffman and Condon (1993), identified evaporite facies in the Cedar
Mesa and observed sandstone beds and one bed of reworked gypsum that displayed large-scale
cross bedding characteristic of eolian dunes near Comb Ridge. However, they interpreted these
evaporites to be a result of a tidal-flat and sabkha conditions. The abundant evidence of
vegetation from fresh water environment throughout the other facies (ex. Vegetated sand sheets
and fluvial channels) indicates that the sabkha deposits in this study area are not from a classic,
hyper-airid tidal flat/sabkha. The limestone that was observed in measured stratigraphic section
11 is the same limestone that is observed in the upper portions of the study area. It had the same
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patchy appearance as the limestones observed in the upper portion of the study area and it didn’t
have any body fossils eliminating the possibility of them being marine.
Figure 30 illustrates the series of depositional events that formed the evaporite to
mudstone cycles that were measured in Lower Road Canyon. Deposition began with the
deposition a thin bed of limestone, like the limestone seen capping most of Lower McLoyd and
Upper Road Canyons (Figure 30-1). As the climate shifted to a dryer time this lake dried out it
formed a bed of evaporites (gypsum) (Figure 30-1). A sudden flooding into the area whether it
be due to a large rain storm or a sudden rise in the water table caused a layer of evaporite
muds/shales to be deposited on top of the evaporites (Figure 30-2). This influx of water would
be a short-lived event and the mud dried out this is evidenced through the mud cracks that are
observed in the shales (Figure10 C). It remained dry for a period of time allowing a sand sheet
to migrate on top of the evaporite muds (Figure 30-2). Once again an influx of water occurred
allowing another layer of evaporite muds to be deposited (Figure 30-2). This second layer of
mud also has mudcracks evidencing that the climate dried out again. The climate remained dry
allowing a gypsum dune to be deposited and then eolian dunes migrated on top of the gypsum
dune (Figure 30-3). The climate became wet again which is evidenced through the limestone
bed that is found on top of the eolian dunes.
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Figure 30. This figure shows the various stages of deposition that occurred in Lower Road Canyon. Each of the
numbered boxes corresponds to an explanation below. Line B-B’ on figure 3 is the location for this cross section.
1.
2.

A thin bed of limestone is deposited due to a small semi permanent lake. As the lake begins to dry up due to a change
in climate to a dryer period evaporites (gypsum) are deposited.
A sudden flooding of the area causes playa shales to be deposited on top of the evaporites. The bed of shale is irregular
and pinches out on one side and thickens to the other side. The climate shifts from wet to dry during this period, which
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3.
4.

is evidenced through the mud cracks, seen in the shale. A sand sheet migrates on top of the first layer of playa shales
during a dryer period. Similar to the shale the sand sheet bed is irregular and pinches out on one side and becomes
thicker on the other. Once again the area is flooded and another layer of playa shales is deposited on top of the sand
sheet. There are mud cracks present within this layer of shale as well indicating a repeated wetting and drying of the
surface.
A shift from a wetter environment to a dryer period is marked by the migration of a dune composed of gypsum on top
of the second layer of playa shale. After this eolian dunes migrate on top of the gypsum dune.
The climate becomes wet again which is marked by the bed of limestone that caps the dunes within the area.

Due to the poor exposure most of the evaporite deposits the depositional pattern of the
evaporites and mudstones is difficult to discern, however, using limestone bed as correlation
markers and using environmental clues, hypotheses can be made. Figure 31 is a composite
depiction of both the upper portion of the study area (Lower McLoyd and Upper Road Canyons)
and Lower Road Canyon and how the two environments correlate. An upward drying sequence
occurred, beginning with deposition of a limestone bed. The evaporites were deposited in the
center of the lake, with muds and evaporitc muds on the margin. An influx of water would have
caused the activation of the freshwater wetland environment. As climate became dryer the
wetland environment dried out, evidenced through large sand filled mudcracks, and sand sheets
and eolian dunes migrated into the area. As the water table once again rose filling the dunes with
fresh water it allowed the vegetation to grow on the dunes stabilizing them. The rising of the
water table allowed the wetland environment to reactivate for a second time and deposited
another bed of sandy mudstones. The freshwater wetland environment is the source of water that
caused for expansion into the second small lake that created the second bed of limestone that is
observed capping deposits in the upper portion of the study area.
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Figure 31. This figure is a composite of figure 28 and 30. It shows the transition between the thick marsh deposits
depicted in figure 28 and the evaporite deposits depicted in figure 30. The bottom is composed of a bed of limestone that
was created in a small lake and as this lake dried up a drying upward sequence occurred. The evaporites would are on
the outer edges of the lake farthest from the freshwater marsh shown by the vegetated muds. Eventually as the climate
went through many stages of wet to dry and vice versa a wetter period was reached and the area was flooded creating a
lake and a second layer of limestone is deposited. Line C-C’ in figure 3 is the location for this cross section.
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Conclusion
The transition between the Permian Cedar Mesa sand dune sea and the adjoining marine
and playa facies of the Halgaito and Organ Rock Formations has a complicated stratigraphy that
is the result of facies transitions and climate change. The environments repeat themselves
beginning with a small lake and transitioning to a dryer time creating the migrating barchanoid
dunes observed throughout the area and playa evaporites to the southeast.
Petrographic analysis of the samples from this study area in particular samples 1SAB1AT
and 1SAB1BT tells us that sandstones that were topographically higher at the time of deposition
(1SAB1AT) have the high preserved porosity and permeability. It is possible that sample
1SAB1BT, which was a bleached sandstone may have been filled with hydrocarbons at one time
but the water table had a significant effect on it thus reducing porosity and permeability after the
hydrocarbons had migrated through the unit. Precipitation of carbonate cements as the water
table rose as well as compaction is the cause of reduced porosity and permeability.
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Appendix A – Measured Stratigraphic Sections
Appendix A has a description and mock up of all the stratigraphic sections that were
measured throughout the study area. Figure 4 shows the locations of all the measured sections.

67	
  

68	
  

Figure 3. Composite aerial photograph of the study area showing the locations of all the
measured stratigraphic sections (Source: National Map Viewer). The measured sections are
marked by the red dots and the blue dot is the location of a thin section sample. The sections are
numbered in which the order they were measured in the field area.

Strat Section 1
Unit 1 –
Unit one is a white to light yellow eolian dune with soft sediment deformation. The unit
is upper fine grained and has wind ripples and grain fall deposits throughout the unit. The
contact with unit 2 is erosional. The unit’s total thickness wasn’t measured but was the starting
point for the measured stratigraphic section.
Unit 2 –
Unit two is a 0.75-meter thick, fairly horizontally bedded, white to light yellow, ripple
cross-stratified eolian dune. The unit expresses tabular weathering and is lower fine-grained.
The contact is erosional with unit 3.
Unit 3 –
Unit three is 0.75-meter thick, fairly horizontally bedded, soft, dark red eolian sandstone.
The sandstone is interbedded with shale, limestone, and white sand. The beds are roughly 5
centimeters in thickness however the shale beds range from 1 to 5 centimeters in thickness. The
beds are all internally laminated. The white sand layer is fine to very fine grained and the
limestone is sandy with mudcracks. The contact is erosional with unit 4.
Unit 4 –
Unit four is a 1.35-meter thick, fairly horizontally bedded, orange reactivated aqueous
dune. The unit is lower fine grained and has internal scours, aqueous ripples, coarse laminations,
and is interbedded with shale at the top. The coarse laminations are 0.5 to 1 centimeter in
thickness. The contact with unit 5 is fairly sharp.
Unit 5 –
Unit five is a 1.4-meter thick, fairly horizontally bedded, red mudstone with 10centimeter thick sand beds. The sand layers are very fine grained to fine grained. The contact
with unit 6 is fairly sharp.
Unit 6 –
Unit six is a 0.35-meter thick, crude sub horizontally, white sandstone. The beds are
irregular and is upper very fine grained. The contact is sharp in places where the beds are
present.
Unit 7 –
Unit seven is a 2.75-meter thick, horizontally bedded, cross-stratified, orange eolian
dune. The unit consists of a 1.15-meter thick eolian dune, 1.25-meter thick sand sheet, and a 3569	
  

centimeter thick eolian dune. The base of the unit has wind ripples and scours. The top of the
unit is bioturbated. The contact with unit 8 is fairly sharp.
Unit 8 –
Unit eight is a 0.75-meter thick red silty fine-grained sand. The unit has crude horizontal
beds and a fairly sharp contact with unit 9.
Unit 9 –
Unit 9 is 1-meter thick, fairly horizontally bedded, cream eolian barchanoid dune. The
unit is upper fine grained to lower medium grained. The contact with unit 10 is gradational.
Unit 10 –
Unit ten is a 75-meter thick, massively bedded, red eolian dune. The unit consists of very
fine-grained sand and appears to be bioturbated at the surface. The contact with unit 11 is fairly
sharp.
Unit 11 –
Unit eleven is a 3-meter thick, fairly horizontally bedded, yellow eolian barchanoid dune.
The unit is mottled and bioturbated at the top and the bioturbation extends to the base of the unit.
There are purple and grey layers within the unit that are caused by vegetation. The top of the
unit is highly burrowed.
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Figure A-1 shows measured strat section 1, which was measured in Mule Canyon. The section is
a dune-dominated section with minor mudstone deposits.
Strat Section 2
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This measured section is a continuation of strat section 1 however; it was measured farther down
section.
Unit 1 –
Unit one is a 2.25-meter thick, fairly horizontally bedded, flaggy, yellow eolian dune.
The unit is interbedded with 15-centimeter thick red shale. The sandstone is lower fine grained
and the red shale is silty with very fine grained sand. The contact with unit 2 is sharp.
Unit 2 –
Unit two is a 2.5-meter thick, cross stratified eolian dune. The cross sets are less than 1
meter thick. The unit has wind ripples throughout and is mottled at the top. The contact with
unit 3 is fairly sharp.
Unit 3 –
Unit three is a 0.30-meter thick, red pond deposit. The unit consists of red shale and red
chert. The contact with unit 4 is sharp.
Unit 4 –
Unit four is a 11.7-meter thick, white to cream colored, cross stratified, flooded eolian
interdune. The unit consists of one 0.50 meter thick bed then 4 meters are covered and 7.2 meter
thick section to the top of the unit. The unit has wind ripples throughout and is interbedded with
50-centimeter thick, laminated, red, silty sand. The contact with unit 5 is sharp.
Unit 5 –
Unit five is a 11-meter thick, wind rippled, pink eolian dune. The unit is lower fine
grained throughout and consists of 1 meter thick cross sets. The contact with unit 6 is sharp.
Unit 6 –
Unit six is a 4.3-meter thick, yellow eolian dune. The unit has wind ripples and is upper
very fine grained throughout. The contact with unit 7 is sharp.
Unit 7 –
Unit sever is a 1.3-meter thick, wind rippled, red inter dune deposit. The unit is very fine
grained and bioturbated. The contact with unit 8 is sharp.
Unit 8 –
Unit eight is 7.2-meter thick, white to cream colored eolian dune. The unit is upper fine
grained and has wind ripples throughout. The unit expresses soft sediment deformation and the
contact with unit 9 is covered (about 50 centimeters are covered).
Unit 9 –
Unit nine is a 11.5-meter thick, mottled, cream colored eolian dune. The unit is lower
fine-grained throughout and has wind ripples. The mottling at the top shows root turbation and
the contact with unit 10 is sharp.
Unit 10 –
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Unit ten is a 2-meter thick, blue grey limestone. The unit is interbedded with shale and
chert. The unit is also bioturbated at the top and the contact is sharp with unit 11.
Unit 11 –
Unit eleven is a 6-meter thick, light orange to cream colored eolian dune. The unit is
lower fine grained and has wind ripples throughout. The top of the unit is bioturbated and has a
sharp contact with unit 12.
Unit 12 –
Unit twelve is a 5-meter thick, coarsening upward, yellow eolian dune. The base of the
unit is very fine grained to fine grained and the top of the unit is lower fine-grained. The contact
is with unit 13 is sharp.
Unit 13 –
Unit thirteen is a 6.8-meter thick, red grading to yellow in color eolian dune. This unit is
right bellow the mottled orange marker bed.
Figure A-2 shows measured stratigraphic section strat section 2, which was measured in Mule
Canyon. It is a continuation of measured strat section 1 however it is measured down section.
The section is a dune-dominated section with a minor pond deposit.
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Strat Section 3
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Unit 1 –
Unit one is a 1.15-meter thick, fairly horizontally bedded, sandy mudstone that is light
red in color. The top of the unit is bioturbated and has mudcracks that are filled with very finegrained white sand. The contact is erosional causing it to be irregular.
Unit 2 –
Unit two is an 0.80-meter thick, fairly horizontally bedded, sandy mudstone that is dark
red in color. Within the unit there are clay soils and plannar faults. The contact is fairly sharp.
Unit 3 –
Unit three is a 2.5-meter thick channel deposit that is dark brown in color. The unit is
interbedded with lower fine grained, white channel sands. The axis of the channel appears to be
at 340 degrees. The contact is irregular due to the nature of the channel.
Unit 4Unit four is a 1.25-meter thick, fairly horizontally bedded, orange eolian dune that is
vegetated and bioturbated at the surface. The grain size of the unit grades from lower very fine
grained at the bottom to lower fine-grained at the top. There are wind ripples and small barchans
throughout the unit. The contact is sharp with the next unit.
Unit 5 –
Unit five is a 6-meter thick, fairly horizontally bedded, red/orange eolian dune that is
made of predominantly small barchans. The foresets of the barchans are about 0.5 meters thick.
The unit has wind ripples throughout and is lower fine grained to upper fine-grained. The
contact is covered and there is 4 meters of covered area to unit 6.
Unit 6 –
Unit six is 0.25-meter thick, fairly horizontally bedded, sandy gray limestone. The
patchy pieces within the unit appear to be sandy with wispy laminations.

75	
  

Figure A-3 shows measured strat section 3, which was, measured Lower McLoyd Canyon. This
section is a mudstone-dominated interval with fluvial channels, and dunes. A thin-bedded
limestone caps the interval.
Strat Section 4
Unit 1 –
Unit one is an 0.85-meter thick, fairly horizontally bedded, light red sandy mudstone with
mudcracks. The unit appears conglomeratic at the base with grey sandstone. The mudcracks are
filled with lower fine-grained white sand. The contact is erosional causing it to be irregular.
Unit 2 –
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Unit two is a 4.60-meter thick, fairly horizontally bedded, dark red mudstone with large
mud cracks that are filled with an upper very fine grained, grey sand. The largest mudcracks are
approximately 2 meters in length. There are also planar faults within the unit. The contact is
irregular with the next unit.
Unit 3 –
Unit three is a 1.20-meter thick, fairly horizontally bedded, channel deposit that is
white/light orange in color. The channel sands are upper very fine grained to lower fine grained,
and white in color. The contact is irregular with the next unit.
Unit 4 –
Unit 4 is a 1.55-meter thick, fairly horizontally bedded, orange eolian dune. The unit is
mottled at the surface and has signs of bioturbation and vegetation. There are wind ripples
throughout the unit and is lower fine-grained. The contact is fairly sharp with the unit above.
Unit 5 –
Unit 5 is a 6.15-meter thick, fairly horizontally bedded, orange eolian dune. The unit has
wind ripples through out and small barchans. It is lower fine grained to upper fine grained and
has a covered contact to the next unit. The covered area is approximately 5.25 meters thick.
Unit 6 –
Unit is a 0.55-meter thick, fairly horizontally bedded, grey limestone. The limestone has
a patchy appearance on the surface with dark pieces that appear to be sandy. A sample of this
unit was taken and made into a thin section.
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Figure A-4 shows measured strat section 4, which was, measured Lower McLoyd Canyon. This
section is a mudstone-dominated interval with a sand sheet and dunes. A thin-bedded limestone
caps the interval.

Strat Section 5
Unit 1 –
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Unit one is a 1.05-meter thick, dark red colored mudstone with mudcracks. The
mudcracks are filled with a lower fine grained to upper fine-grained white sand. The contact
with unit 2 is fairly sharp.
Unit 2 –
Unit two is a 0.75-meter thick, light orange colored, sand sheet. The bedding is irregular;
some sections of this unit have small packages of shale at the top. The sand is lower very fine
grained and has a sharp contact with unit 3.
Unit 3 –
Unit three is a 90-centimeter thick, orange colored aqueous dune. There are wispy
crossbeds within the unit. The unit is upper very fine grained at the bottom and upper fine
grained at the top. The unit has thing laminations and little bumps (what the heck are these?). A
dark red shale layer caps the very top of the unit causing the contact with unit 4 to be irregular.
Unit 4 –
Unit four is a 1-meter thick, orange colored, eolian dune with barchans. The unit has
wind ripples throughout, mottling at the top, and bioturbation. The unit is also lower finegrained throughout. The contact with unit 5 is sharp.
Unit 5 –
Unit five is an 0.85-meter thick, orange colored eolian dune. The top of the unit is
mottled and is lower fine grained throughout. There are thin white beds throughout the unit and
the contact with unit six is sharp.
Unit 6 –
Unit six is a 6.65-meter thick, orange colored, eolian dune with large barchans. The
barchans are approximately 75 centimeters thick and the unit has wind ripples and is lower fine
grained throughout. The contact is???
Unit 7 –
Unit seven is a 0.90-meter thick, fairly horizontally bedded, grey limestone. The unit has
a patchy appearance with darker and lighter areas. The unit also has chert mixed within the
limestone. There is a thin sandy layer in the middle of the unit and is upper fine grained.

79	
  

Figure A-4 shows measured strat section 5, which was, measured Lower McLoyd Canyon. This
section is a mudstone-dominated interval with vegetated sand sheets and dunes. A thin-bedded
limestone caps the interval. This section is unique because there isn’t an interval of covered
mudstone between the dunes and limestone beds like there is in strat sections 3 and 4. This is an
indicator that the marsh environment expanded quickly due to a sudden flooding into the margin
of the dune field.
Strat Section 6
This strat section starts at the road and measures the front of the dunes. After the road there are
4.5 meters of covered area.
Unit 1 –
Unit one is a 1.5 meter thick, thin bedded, red colored eolian dune. The top of the unit is
mottled and there is evidence of vegetation and bioturbation. The unit is very fine grained and
has wind ripples and burrows throughout. The contact to unit 2 is covered.
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Unit 2 –
There are 1.25 meters of covered area to the base of unit 2. Unit two is 1.5-meter thick,
white to cream colored, eolian dune. The unit is very soft and is lower fine grained throughout.
There are wispy ripples and the contact to unit 3 is covered.
Unit 3 – There are 6 meters of covered area to the base of unit 3. Unit three is a 1.05 meter thick,
wind rippled, white colored eolian dune. The unit has small barchans and a large amount of
small foresets. The unit becomes very flat at the top causing the hypothesis to be that it is
possibly a marker for the water table. The contact with unit 4 is sharp.
Unit 4 –
Unit four is a 0.35-meter thick, orange colored eolian dune with small barchans. There
are only 0.35 meters exposed of the unit because after that it becomes covered. The unit is lower
fine grained.
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Figure A-5 shows measured stratigraphic section strat section 6, which was, measured Lower
McLoyd Canyon. This section is a dune-dominated interval.
Strat Section 7
This strat section was measured from the top of unit six in strat section 4. The section was
measured on a different day.
Unit 1 –
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Unit one is a 7.5-meter thick, massive, light orange colored eolian dune. The unit has lots
of small foresets that are about 0.5 meters thick. The base of the unit is lower fine grained and
becomes upper fine grained 1.5 meters from the base and continues throughout the rest of the
unit. There are wind ripples and small barchans throughout. The surface expresses mottling
along with bioturbation. The contact with unit 2 is covered.
Unit 2 –
There are 13.5 meters of covered area from unit one to the base of the exposed bed of
unit two.
Unit two is a 0.45 meter thick, thin bedded, red colored eolian dune. This is the only bed
exposed of this unit. There are no visible ripples and is lower fine grained to upper fine-grained.
There are some small foresets visible and the contact with unit three is covered.
Unit 3 –
There are 10.10 meters of area covered from the top of unit two to the base of unit three.
Unit three is a 1.5 meter thick, wind rippled, light orange colored, eolian dune. There is
evidence of bioturbation at the based of the unit and has thin foresets. The unit is lower fine
grained throughout and the contact is covered.
After the exposure of unit three’s bed there aren’t anymore exposures of beds all the way
to the top of the hill.
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Figure A-6 shows measured strat section 7, which was, measured Lower McLoyd Canyon. This
section is a dune-dominated interval. This section is a continuation of measured strat section 4 it
began at the top of the limestone bed where that section ended.
Strat Section 8
The start of this strat section began on the top of an orange and white striped eolian dunes. It
was lower fine grained and very crumbly. There was no visible thickness to the unit. Then there
is a 4-meter section of covered area.
Unit 1 –
Unit one is a 1.5-meter thick, dark red in color, sandy mudstone. The sand grains are
lower very fine grained to upper fine grained. The contact to unit two is covered. There are 3
meters of covered area.
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Unit 2 –
Unit two is a 3-meter thick, orange colored eolian dune with small barchans. The surface
of the unit is mottled and there is evidence of vegetation as well. The unit is upper fine grained
throughout however the rock is so deformed that evidence of wind ripples cannot be determined.
The contact with unit three is sharp.
Unit 3 –
Unit three is a 7.65-meter thick, wind rippled, orange in color eolian dune. The unit has a
lot of small foresets that are approximately 20 centimeters thick . The surface of the unit is
mottled and has evidence of bioturbation. There are thing white/grey stripes within the bed.
There are some covered areas measuring up the unit. The base of the unit is upper fine grained
and becomes lower fine grained at the top of the unit. The contact with unit 4 is sharp.
Unit 4 –
Unit four is a 0.60-meter thick, pond deposit. The unit consists of limestone, chert, and
sand. The sand layer is approximately 15-30 centimeters thick. The unit is laterally extensive
however the thickness of the bed is not uniform. The contact with unit 5 is irregular.
Unit 5 –
Unit five is a 0.60-meter thick, wind rippled, orange colored eolian dune. The unit is
lower fine grained throughout and has mottling at the surfaces as well as evidence of being
vegetated. The contact with unit 6 is slightly irregular.
Unit 6 –
Unit six is a 3-meter thick, orange colored eolian dune with small barchans. The unit is
lower fine grained throughout and has evidence of soft sediment deformation at surface and
some mottling. The unit is not continuous there is a large section missing at the top of the
measured section however there are two parts of the unit on either side.

85	
  

Figure A-7 shows measured strat section 8, which was, measured Upper Road Canyon. This
section is a dune-dominated interval with a minor mudstone and pond deposit.

Strat Section 9
86	
  

Unit 1 –
Unit one is a 3 meter thick, red/brown colored sandy mudstone. The contact with unit
two is sharp.
Unit 2 –
Unit two is 4.5-meter thick, orange colored eolian dune with large barchans. The base
and surface of the unit are mottled and the surface shows evidence of being vegetated. There are
wind ripples throughout the unit. The base of the unit is upper fine grained, in the middle there
is a switch to lower fine-grained sand, and the top of the unit is back to upper fine-grained sand.
The contact with unit 3 is sharp.
Unit 3 –
Unit three is a 7.75-meter thick, orange colored eolian dune. The unit is laminated
throughout. There are large barchans that are approximately 50 centimeters thick. The unit has
wind ripples throughout and is lower fine grained from the base to the middle and upper very
fine grained at the top of the unit. Some of the areas throughout the measured section were
covered making it difficult to measure. The contact with unit four is slightly covered.
Unit 4 –
Unit four is 1.20-meter thick, brown colored sandy mudstone. The unit is inter bedded
with beds of 10-15 centimeter thick, upper fine grained, sand. The mud layer has nodule weather
giving a bubble like appearance. The contact with unit five is erosional.
Unit 5 –
Unit five is a 0.65-meter thick, orange colored sand sheet. The unit has the appearance of
being slightly tabular and is upper fine grained. There appears to be some mottling at the surface
but is hard to tell because of the sharp contact with unit 6.
Unit 6 –
Unit six is a 2.75-meter thick, orange colored eolian dune with small barchans. There is
evidence of soft sediment deformation as well as mottling at the base and surface of the unit. It is
upper fine grained throughout as well as wind rippled.
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Figure A-8 shows measured strat section 9, which was, measured Upper Road Canyon. This
section is a mudstone-dominated interval with minor dunes and a sand sheet.
Strat Section 10
Began measuring section at the base of an orange eolian dune.
Unit 1 –
Unit one is a 6.65-meter thick, orange colored eolian dune with large barchans. The unit
is wind rippled throughout and mottled at the surface. There is a small covered section in the
middle of the unit. The base of the unit is lower fine grained that the top is upper fine grained.
The contact with unit two is covered. There is an area of 2.75 meters that is covered to the base
of unit two.
Uint 2 –
Unit two is a 10.5-meter thick, orange colored eolian dune with small barchans. The
barchans are approximately 15-20 centimeters thick. There is mottling at the surface of the unit
and wind ripples throughout. The mottling suggests evidence of the unit being vegetated. The
base of the unit upper very fine grained and grades upward to lower fine grained at the surface.
The contact with unit three is sharp.
Unit 3 –
Unit three is a 0.75-meter thick, brown/dark red colored sandy mudstone. The contact
with unit four is sharp.
Unit 4 –
Unit four is an 0.85-meter thick, bioturbated, and orange colored, sand sheet. The
bioturbation occurs at the base of the unit and there is evidence of the sand sheet being vegetated
at the top of the unit. The unit is lower fine grained throughout. The contact with unit 5 is sharp.
Due to the height of the over all section I had to move down to measure unit five.
Unit 5 –
Unit five is a 4.5-meter thick, orange colored eolian dune with small barchans. The
barchans are approximately 10-15 centimeters thick. The unit is lower fine grained throughout
and the contact with unit six is erosional
Unit 6 –
Unit six is a 8-meter thick, dark orange, wind rippled eolian dune. The unit is lower fine
grained throughout and has small barchans. The middle of the unit is partially covered. The
contact with unit sever is covered. There is 10.5 meters of covered area to unit seven.
Unit 7 –
Unit seve is a 0.45-meter thick, grey, limestone. There appears to be some sand within
the unit.
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Figure A-9 shows measured strat section 10, which was, measured Upper Road Canyon. This
section is a dune-dominated interval with a minor mudstone. A thin bed of limestone caps the
interval.
Strat Section 11
Unit 1 –
Unit one is a 2.1-meter thick orange eolian dune with gypsum nodules and veins. The
unit is upper fine-grained and wind rippled throughout. At the top of the unit there are thin of
nodular gypsum. The unit is irregular and appears to be pinching out to one side. The contact
with unit two is irregular.
Unit 2 –
Unit two is a 4.55-meter thick orange eolian dune that is mottled throughout. There are
small barchans that are about 25 centimeters thick. It is upper fine-grained and wind rippled
throughout. There are thin gypsum veins within the unit that are about 3-5 millimeters thick.
The unit is mottled throughout and the contact with unit three is irregular.
Unit 3 –
Unit three is a 0.50-meter thick grey, limestone. The unit looks like the limestones that
are observed in the upper portion of the study area. There is a dune above the unit but it is too
difficult to measure.
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Figure A-10 shows measured strat section 11, which was, measured Lower Road Canyon. This
section is a dune-dominated interval that is capped by a thin bed of limestone.
Strat Section 12
Unit 1 –
Unit one is 1.5-meter thick purple/brown shale with beds of gypsum. The unit is very
fissile and flakey. The gypsum beds are 0.25 meters thick. The contact with unit two is
erosional.
Unit 2 –
Unit two is a 0.20-meter thick brown shale with gypsum veins. The gypsum veins are
about 2-5 millimeters thick. There is a compacted mud crack and the bed overall is not uniform.
The bed pinches out to the left but gets thicker to the right. The contact with unit three is
irregular.
Unit 3 –
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Unit three is a 0.45-meter thick dark orange sand sheet with white stripes. The unit is
wind rippled and mottled throughout. It is lower fine-grained and the contact with unit four is
irregular.
Unit 4 –
Unit four is a 0.50-meter thick dark brown shale with gypsum nodules and veins. The
unit has an abundant amount of mud cracks and the contact with unit five is sharp.
Unit 5 –
Unit five is a 5.45-meter thick white gypsum dune. The unit is upper very fine grained at
the base and upper fine grained at the top. There are wind ripples throughout and halfway up the
unit there is a thin bed of mud that is about 3 centimeters thick. The top of the unit is covered
with slope wash.

Figure A-11 shows measured strat section 12, which was, measured Lower Road Canyon. This
section is a shale-dominated interval that is capped by a gypsum dune.
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Strat Section 13
This is a very short section because there isn’t much exposed but there is a very thick bed of
gypsum with a dune on top.
Unit 1 –
Unit one is 0.60-meter thick gypsum bed that is red on the exterior and white on the
interior. It has a bumpy appearance on the surface. The unit is quite solid at the base but
becomes crumbly at the top. The contact with unit two is irregular.
Unit 2 –
Unit two is a 0.55-meter thick red/brown, nodular weathered, mudstone. The bed is thin
and has an irregular thickness. There is grey striping near the surface. The contact with unit
three is irregular.
Unit 3 –
Unit three is a 1.25-meter thick soft bed of gypsum that has thin beds of mud mixed int.
The gypsum is red on the exterior and white when broken. The mud layer is approximately 10
centimeters thick. The contact with unit four is irregular.
Unit 4 –
Unit four is a 3-meter thick orange eolian dune that is wind rippled. There is mottling
throughout the unit. It is upper very fine grained and has gypsum nodules in a few places
throughout the dune. The unit is covered with slope wash on the top.
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Figure A-12 shows measured strat section 13, which was, measured Lower Road Canyon. This
section is a mudstone and gypsum dominated interval that is capped by an eolian dune.

95	
  

Curriculum Vita
Alexandra Massad was born in Ann Arbor, Michigan on December 3, 1985 to
parents David Massad and Patricia Flodin. She completed her bachelor’s degree at
Central Michigan University in Mount Pleasant Michigan in May of 2010. At CMU
Alexandra completed a senior thesis Dr. James Student. In the fall of 2011, Alexandra
moved to El Paso after being accepted to The University of Texas at El Paso to study
with Dr. Richard Langford and completed a master’s degree in geology.

Permanent Address:

2183 Vail Ct
Ann Arbor, MI 48108

96	
  

